Lu X, Dang CQ, Guo X, Molloi S, Wassall CD, Kemple MD, Kassab GS. Elevated oxidative stress and endothelial dysfunction in right coronary artery of right ventricular hypertrophy. J Appl Physiol 110: 1674 -1681 , 2011 . First published March 17, 2011 doi:10.1152/japplphysiol.00744.2009.-Remodeling of right coronary artery (RCA) occurs during right ventricular hypertrophy (RVH) induced by banding of the pulmonary artery (PA). The effect of RVH on RCA endothelial function and reactive oxygen species (ROS) in vessel wall remains unclear. A swine RVH model (n ϭ 12 pigs) induced by PA banding was used to study RCA endothelial function and ROS level. To obtain longitudinal coronary hemodynamic and geometric data, digital subtraction angiography was used during the progression of RVH. Blood flow in the RCA increased by 82% and lumen diameter of RCA increased by 22% over a 4-wk period of RVH. The increase in blood flow and the commensurate increase in diameter resulted in a constant wall shear stress in RCA throughout the RVH period. ROS was elevated by ϳ100% in RCA after 4 wk of PA banding. The expressions of p47 phox , NADPH oxidase (NOX1, NOX2, and NOX4) were upregulated in the range of 20 -300% in RCA of RVH. The endothelial function was compromised in RCA of RVH as attributed to insufficient endothelial nitric oxide synthase cofactor tetrahydrobiopterin. In vivo angiographic analysis suggests an increased basal tone in the RCA during RVH. In conclusion, stretch due to outward remodeling of RCA during RVH (at constant wall shear stress), similar to vessel stretch in hypertension, appears to induce ROS elevation, endothelial dysfunction, and an increase in basal tone.
RIGHT VENTRICULAR HYPERTROPHY (RVH) results in significant remodeling of right coronary artery (RCA) (3-7, 10, 12) . The morphometric data of RCA main trunk, arterioles, and capillaries in RVH suggest outward remodeling in main trunk and increase in numbers of resistance and capillary vessels (12) . A hemodynamic analysis showed RCA compensatory adaption during RVH to restore the perfusion at the arteriolar and capillary levels and increase blood flow in the main trunk (10) , in proportion to increase in right ventricle (RV) mass (12) . The effect of RVH on RCA endothelial function, however, remains unclear.
Endothelial function plays an important role in vascular pathophysiology and is a biomarker/mediator of cardiovascular risk factors (2, 4, 5, 12, 16, 21, 24) . Endothelial dysfunction has also been shown to be a predictor of adverse outcomes in patients with coronary artery disease (11, 12) . Nitric oxide (NO) is well known as endothelium-dependent vasodilator and is believed to play an atheroprotective role. Reactive oxygen species (ROS) are free radicals found in all vascular cells that are involved in remodeling in both physiological and pathological conditions (1, 4 -8) . ROS can inactivate NO and decrease NO bioavailability in blood vessels that may compromise endothelium-dependent vasorelaxation (4, 14, 15, 36, 40) . Recent studies suggest that an imbalance between superoxide and NO levels, rather than the individual levels, may have harmful consequences on the endothelium (4, 15, 24) . Numerous observations suggest that ROS are involved in vascular remodeling in response to mechanical stimulations, including stretch (14, 15, 24, 32) . The RCA in RVH experiences outward remodeling (increase in diameter) and axial elongation (12) . It is unknown whether ROS, endothelial function, and vascular tone change during RCA remodeling in RVH.
Our hypothesis is that elevated ROS, endothelial dysfunction, and increased tone accompany RCA remodeling in RVH. Uncoupled endothelial NO synthase (eNOS) due to insufficient tetrahydrobiopterin (BH 4 ) may also contribute to endothelial dysfunction. We used digital subtraction angiography (DSA) to quantify RCA remodeling longitudinally based on quantitative angiographic images in swine. The ex vivo endotheliumdependent vasorelaxation in response to vasodilator was measured to evaluate endothelial function. ROS production was confirmed by electron paramagnetic resonance (EPR) spectroscopy, chemiluminescence analysis, and ethidium fluorescence analysis. The expression of NADPH oxidase was also measured to underscore the role of ROS production in a circumferentially stretched RCA at constant wall shear stress (WSS).
MATERIALS AND METHODS
Animal preparation. The experiments were conducted on seven 3-to 4-mo-old Yorkshire pigs, and five age-and weight-matched animals served as a sham group. All experiments were performed in accordance with national and local ethical guidelines, including the Institute of Laboratory Animal Research Guide, Public Health Service policy, and Animal Welfare Act, and approved University of California at Irvine and Indiana University School of Medicine IACUC protocols.
A thoracotomy was performed along the fourth intercostal space. The chest cavity was exposed to provide access to the pulmonary artery (PA), as well as the RCA. A glycerin-filled silicone occluder was fitted around the PA, and the filling tube was exteriorized to allow for cuff occlusion at a later time. A transonic flow probe (TD420, Transonic) was acutely placed on the proximal RCA, and flow rate was recorded. Once the probe was removed at the conclusion of coronary flow measurements, the chest was closed, and the animal was allowed to recover for 1 wk.
The degree of RVH, and the related increase in coronary blood flow, was imposed by the pressure gradient across the PA. A 7-Fr Swan-Ganz catheter was inserted through the jugular sheath and guided into the RV. The PA was banded upon inflation of the silicone occluder. The banding was set, and the occluder was locked when the desired systolic RV pressure was reached. The pressure increase ranged from 35 to 50% of baseline. The pressure gradient across the PA was monitored throughout the duration of the study. The sham group was treated identically, except the occluder was not inflated.
The RCA was imaged before and immediately after banding and again on scheduled days for the duration of the study. A period of 4 wk after onset of occlusion was deemed sufficient to observe most of the remodeling in RVH (3, 12, 22, 31, 39) . At the end of 4 wk, the animal was anesthetized, and the heart was exposed similar to prior surgery. The transonic flow probe was placed in the same previous RCA region to record coronary flow rate, and the animal was euthanized. The heart was excised and immediately stored in 4°C HEPES physiological saline solution (HEPES-PSS) (in mmol/l: 142 NaCl, 4.7 KCl, 2.7 sodium HEPES, 3 HEPES acid, 1.17 MgSO 4, 2.79 CaCl, 5.5 glucose). The RCA was excised carefully and used for various measurements. The degree of hypertrophy was assessed by measuring RV-to-left ventricle (LV) mass ratio (RV/LV).
Longitudinal measurements of blood flow and volume. Blood flow, lumen diameter, and volume were measured using DSA techniques (27) (28) (29) based on video densitometry. Briefly, a 7-Fr catheter was inserted into the carotid sheath and placed at the inlet of the RCA. A radiopaque contrast material (iohexol, 350 mg iodine/ml) was injected into the RCA while biplane digital images were obtained. Measurements were made when the contrast material displaced blood in the RCA. Volume was obtained by measuring the integrated intensity within a region of interest that circumscribed the vessel. The integrated intensity of the artery was directly converted to a volume measurement by comparison with integrated intensities of calibration phantoms of known volumes (29) . The volume ratio was the ratio of the volume at a given day to the volume at day 0. Blood flow was computed using the time difference between volume images (30) . The normalized WSS was calculated by the equation
3 , where Q and D represent flow and diameter of vessel, respectively, and i and f represent initial (day 0) and scheduled (days 4, 7, 14, 28, 30) states, respectively.
To determine vascular tone, nitroglycerin was administered as a bolus (0.3 mg) intracoronary at the inlet of the RCA. The radiopaque contrast material was injected into the RCA after nitroglycerin administration, and biplane digital images were obtained (28) . The volume ratio with administering nitroglycerin was the ratio of the maximal volume at a particular time point to maximal volume at day 0 (baseline). The comparison of the percentages with/without administering nitroglycerin was used to indicate the in vivo tone of RCA (28) .
EPR spectroscopy. The vascular segment for EPR was videotaped from the side (ϳ4 mm in length) and cross-sectional views under stereo microscope, and the volume of the segment was calculated based on the product of cross-sectional area and axial length. The ROS generation was expressed as moles per unit of volume. A measure of the ROS concentration in the tissue samples was determined from EPR spectra obtained by incubating the tissue samples with the spin trapping agent N-tert-butyl-␣-phenylnitrone 190 mM in HEPES-PSS for 30 min at 37°C in the dark. A Bruker ESP X-band spectrometer equipped with a TE102 cavity was utilized to detect signals (frequency: 9.4 GHz, power: 25.2 mW). All experiments were done at liquid nitrogen temperature. ROS concentrations were determined with 2,2,6,6-tetramethylpiperidine 1-oxyl solution (0.1 mol/l) used as a concentration standard. All EPR parameters and conditions applied to both standard and experimental samples.
Chemiluminescence. A highly sensitive chemiluminescence probe, luminol derivative L-012 (Wako Chemicals) was used to detect ROS in the vascular tissue. Three arterial segments, 2-3 mm in length, were incubated in 96-well plate with HEPES-PSS at 37°C for 1 h. NADPH (0.3 mol/l) and L-012 (500 mol/l) were administered in wells (40) . Light emission was detected with an ultra-sensitive photon counter (Wallac EnVision, 2104 Multilabel Reader, PerkinElmer). Counts were obtained at 1-min interval for 40 min. ROS levels were reported as relative light units after subtracting background luminescence and were normalized to dry tissue weight (mg).
Ethidium fluorescence analysis. A ring of RCA was sampled from the same region of the RV in both control and PA banded animals. The RCA tissue was incubated with HEPES-PSS containing dihydroethidium (DHE; 0.2 mol/l) at 35°C for 30 min, where HEPEPS-PSS was previously aerated by nitrogen to remove possible ROS in the solution. The RCA tissue was rinsed three times with PSS and then sectioned into 20-m slides by a cryomicrotom (CM1850 Leica, Germany). Confocal microscopy (LSM 510 META, Zeiss) was used to visualize the fluorescence (excitation wavelength/emission wavelength: 518/605 nm). A gray-scale analysis was carried out to determine the fluorescence area fraction, and the autofluorescence of vascular tissue was subtracted.
NOXs and eNOS. Briefly, the protein extracts (ϳ25 g) from arterial tissues were fractionated on 10% SDS-PAGE gel, transferred onto polyvinylidene difluoride membrane, and probed with the following primary antibodies: anti-NOX1 (1:250, Santa Cruz Biotechnology), anti-NOX2 (1:250, Santa Cruz Biotechnology), anti-NOX4 (1:250, Santa Cruz Biotechnology), anti-p47 phox (1:500, Santa Cruz Biotechnology), or anti-eNOS (1:1,000 dilution in blocking buffer, BD Transduction Laboratory). Blots were incubated with horseradish peroxidase-conjugated secondary antibody. The signal was detected by enhanced chemiluminescence (Amersham) and evaluated by densitometry (Sigma Scan). ␤-Actin was used for normalization.
Ex vivo endothelium-dependent relaxation. An isovolumic myograph recently developed by our group was employed to evaluate the endothelial function of RCA (18 -20) , which maintains physiological loading similar to a pressure myograph, but measures tension with the high sensitivity of a wire myograph. Briefly, the RCA was cannulated on both ends in a physiological bath with HEPES-PSS and stretched to in situ length. The pressure and external diameter were measured with pressure transducer (Mikro-Tip SPR-524, Millar Instruments) and digital diameter tracking (DiamTrak v3ϩ, Australia), respectively. The internal diameter was computed using the incompressibility assumption of vessel wall (18 -20) . The circumferential tension (product of pressure and internal radius) of the vessel was calculated. The vessel segment was precontracted to an approximate pressure by acetylcholine at submaximal concentration (10 Ϫ7 -10 Ϫ5 mol/l), which resulted in somewhat different concentration of acetylcholine for each segment. In general, the concentration was ϳ80% higher in sham than in RVH vessels. The precontracted RCA was relaxed by bradykinin at a series of doses from 10 Ϫ12 to 10 Ϫ7 mol/l. The endotheliumdependent vasodilatation was expressed as percent decrease in tension, which is calculated by the equation: %Tension ϭ (Td Ϫ Ti)/(Tmax Ϫ Ti) ϫ 100. The tension at every dose (Td), physiological level (Ti), and submaximum tension (Tmax) by vasocontrictor (acetylcholine) are shown. In additional experiments, the vessel segments were incubated with either BH4 (10 Ϫ7 mol/l) and L-arginine (10 Ϫ7 mol/l) or apocynin (10 Ϫ6 mol/l) for 40 min, and the endotheliumdependent relaxation of RCA was measured. The endothelium-independent vasorelaxation to sodium nitroprusside (dose-response relaxation: 10 Ϫ10 -10 Ϫ5 mol/l) served as reference. Statistical analysis. The data are expressed as means Ϯ SD, unless otherwise stated. The correlation of ROS production, NOX, endothelium-dependent relaxation, and RCA blood flow to RV/LV mass (degree of RVH) were analyzed using a linear least squares fit. Variance analysis (ANOVA) was used with time-and dose-dependent comparisons (Bonferroni). Student's t-test was used to detect differ-ences between pairwise groups. For all analyses, P Ͻ 0.05 level was used to indicate statistical significance.
RESULTS
The body weight and systemic blood pressure of PA banded animals were not significantly changed compared with sham group (Table 1) . RV systolic pressure in PA banding group was significantly higher than that in sham group ( Table 1) . The RV/LV was defined as the ratio of the RV free wall mass to LV plus septal wall mass. In PA banding group, RV/LV was over three times that of sham group, which indicated significant RV hypertrophy during PA banding ( Table 1) .
The blood flow in RCA based on measurement of Transonic probe significantly increased in the PA banding group compared with the sham group ( Table 1) . The flow rate measured by Transonic Doppler (Fig. 1) shows similar waveform pattern with mean value of 23.8 Ϯ 4.3 ml/min in sham control and 44.3 Ϯ 7.3 ml/min after 4 wk of PA banding (Fig. 1A) . When the phasic flow curves were normalized relative to the respective mean values of flow rate, the waveform appears similar, which suggests that only the mean value changed and not the oscillatory component (Fig. 1B) . Angiographic DSA was used weekly to longitudinally quantify RCA blood flow and luminal diameter, and the typical images are shown in Fig. 2A . The RCA experienced a small step increase in blood flow with the onset of PA banding and a gradual increase in blood flow over time (Fig. 2B) . The gradual chronic increase in blood flow was accompanied by an increase in RCA diameter. The RCA diameter cubed in Fig. 2B shows a close proportion to blood flow. Since WSS is proportional to the ratio of blood flow to diameter cubed, the WSS was essentially unchanged throughout the experimental duration. The total increase in blood flow after 4 wk was 1.82 times the sham control using DSA measurement, which was not statistically different from the Transonic measurement (1.87 times). Furthermore, we determined the WSS at onset of banding and after 4-wk banding with Transonic measurement to be 11.0 Ϯ 0.9 and 10.4 Ϯ 0.8 dyn/cm 2 , respectively (P ϭ 0.37). The lumen volume ratio at basal tone of the RCA significantly increased (P Ͻ 0.05) during the progression of RVH (Fig. 2C) as a result of circumferential expansion and axial elongation of RCA. With administration of nitroglycerin, the increase in volume ratio at vasodilation was greater than that at basal tone (P Ͻ 0.05) (Fig. 2C) . The lumen volume at vasodilation reflects the maximal diameter of a blood vessel with relaxed vascular smooth muscle. The increase in the differences of volume ratios between basal tone and vasodilation implies greater vascular tone during the progression of RVH.
The oxidative stress in arterial tissue was measured with spin trap, chemiluminescence analysis, and fluorescence assay. The typical tracing curves of spin trap are presented in Fig. 3A . ROS species concentration measured using spin trap indicates an increase in ROS after 4 wk of PA banding (Fig. 3B) . Luminol derivative L-012 is highly sensitive in the physiological range of pH range (7.5) and reacts with ROS generated from various biological tissues. The typical tracing curves of L-012 enhanced chemiluminescence in sham and PA banding are presented in Fig. 3C , and the increase in ROS levels is summarized in Fig. 3D . The fluorescent area of ethidium combined nucli in the section of RCA in PA banding revealed a significantly higher level compared with sham ( Fig. 3, E and  F) . We further evaluated the expression of subunits of NOX: NOX1, NOX2, NOX4, and p47 phox (Fig. 4) to identify the sources of ROS. NOX oxidase is the major source of superoxide, and p47 phox is essential to NOX oxidase function. The upregulation of enzyme expression increased the generation of superoxide and elevated oxidative stress in tissue. Although the expression of eNOS was attenuated after 4 wk of PA banding, the difference was not statistically significant (Fig. 4) .
Endothelial function was evaluated in this study by ex vivo acetylcholine precontractile endothelium-dependent vasorelaxation in response to bradykinin. The endothelium-dependent relaxation was compromised after 4 wk of PA banding (Fig.  5A ) compared with sham group (two-way ANOVA, P Ͻ 0.05). The supplement of BH 4 and L-arginine restored the endothelial function in PA banding group (Fig. 5A) , which suggests insufficient eNOS cofactors in the PA banding model. Administration of apocynin did not restore the endothelial dysfunction (Fig. 5) , which implies that ROS may affect endothelial function through oxidization of eNOS cofactor (BH 4 ). NO donor (sodium nitroprusside) induced endothelium-independent vasorelaxation showed that vascular smooth muscle relaxation in response to NO was unchanged (Fig. 5B) .
The ROS production measured using semiquantitative methods shows a positive correlation with RV/LV (Fig. 6A) . Although the slopes are different, it is likely that ethidium fluorescence assay is less accurate than EPR and chemiluminescence analysis, which have similar slopes. The subunits of NOX shows a linear correlation with RV/LV as well (Fig. 6A) .
The endothelium-dependent relaxation shows an inverse correlation with increase in RV/LV (Fig. 6C) . The blood flow in RCA increases linearly during ventricular hypertrophy (Fig.  6D ). This implies that RCA blood flow correlates in the same way to the various parameters that correlate with RV/LV.
DISCUSSION
This is the first study to show a compromised endothelial function in RCA during RVH as verified in an ex vivo , and WSS (WSS/WSS0) were defined as the ratio at a given day relative to day 0. Both Q /Q 0 and (D/D0) 3 increased gradually with time (one-way ANOVA, P Ͻ 0.05). The increase is exponential thereafter, as shown through the best fit line. WSS/WSS0 showed no significant change with time (one-way ANOVA, P Ͼ 0.05). C: volumetric growth of RCA from day 0 to day 28. In vivo lumen volume was measured using DSA techniques based on video densitometry. The volume ratio was calculated as the ratio of volume at a particular time point to day 0 (before banding). At the particular time point, lumen volume was first measured without administration of nitroglycerin (basal tone) and then measured again with administration of nitroglycerin as a bolus (0.3 mg, intracoronary) at the inlet of the RCA. The volume ratio of RCA at basal tone significantly increased during RVH (one-way ANOVA, P Ͻ 0.05). With administration of nitroglycerin, the volume ratio was significantly increased (two-way ANOVA, *P Ͻ 0.05). Data are expressed as means Ϯ SE.
isovolumic myograph (18 -20) . Our findings suggest that the RCA endothelial dysfunction stems from eNOS uncoupling. The angiographic analysis of in vivo volume ratio suggests an increase in the basal tone of RCA during RVH. The increase in ROS production was also observed in the RCA of RVH. Although increased ROS production in hypertension and coronary artery disease has been well documented (4, 5, 14, 16, 25, 40) , as has the predilection for vasospasm in hypertension and LV hypertrophy (6, 13, 26) , this is the first study to suggest increased ROS production and compromised endothelial function in response to a gradual increase in blood flow under constant WSS conditions. We observed chronic increase of blood flow in the RCA in PA banding-induced RVH. Despite the increase in RV pressure, systemic blood pressure in RCA was unchanged, indicating that coronary hypertension was not a factor in this study. The progression of RVH was monitored in the same pig longitudinally using angiography, which allowed each animal to serve as its own control. To our knowledge, this is the first porcine longitudinal model that reflects remodeling of coronary artery at different time points in the same animal. In this model, the increase in diameter cubed of RCA is proportional to the increase in blood flow, which is proportional to the increase in myocardial mass of RV, since RVH progresses slowly under the pressure overload. Therefore, WSS remained constant during increases in both diameter and blood flow in RCA during RVH. The constant WSS is also underscored by the unchanged expression of eNOS in contrast to increase of eNOS with elevated WSS (35) . In addition to WSS, other hemodynamic factors, especially the circumferential and axial distension on blood vessel, may be the stimuli for the biochemical, molecular, and functional responses of blood vessel (32) . DSA measurement in this study clearly showed the progression of RCA expansion (Fig. 2) , which is consistent with our previous observation; i.e., diameter increase and axial elongation simultaneously take place in the RCA during RVH (12) . The axial elongation of RCA may result from dimensional remodeling (e.g., enlargement) of RV during RVH (12) . It is well established that stretchactivated integrin, ion channels, and G protein-coupled receptors mediate cellular signaling and function in blood vessel. Endothelial dysfunction and increase in ROS production in this study are indeed similar to the pathological responses of blood vessels in hypertension that also entails stretch. An increase in ROS production is involved in changes of vasoreactivity (23), endothelial dysfunction (1, 24) , and vascular remodeling (4, 36) . ROS may reduce NO bioavailability by reaction with NO and, therefore, compromises endothelium-dependent vasorelaxation (4, 8) .
The volume ratio has advantages over other clinical methods to quantify vascular geometric remodeling, including the following: 1) video-densitometric volume measurements are more accurate than angiographic edge detection of diameter and cross-sectional area measurements; 2) it is noninvasive compared with intravascular ultrasound, which is relatively expensive and requires the added procedure of an intravascular ultrasound catheter and potential injury to the endothelium. An increased volume ratio indicates significant geometric remodeling of RCA during RVH (Fig. 2C) . With administration of vasodilators (nitroglycerin in the present study), the basal vascular tone can be estimated as the differences of volume ratio with and without the vasodilator. The analysis of in vivo volume ratio suggests a progression of elevated basal tone in the RCA during RVH (Fig. 2C) , which may predispose the vessel to vasospasm. The data from ex vivo vasoreactivity (SNP-induced vasorelaxation) using isovolumic myograph suggest that vascular smooth muscle of RCA is the same in sham and RVH groups (Fig. 5) . Therefore, we conclude that the increased basal tone is likely from endothelial dysfunction, i.e., eNOS uncoupling.
The upregulation of oxidative stress (Figs. 3 and 4) may also compromise endothelial function by oxidizing BH 4 (an eNOS cofactor) to form uncoupled eNOS, which produces ROS instead of NO (38) . As an important cofactor of eNOS, BH 4 plays a critical role in endothelial function (38) . In the present study, the result shows that BH 4 can reverse the endothelial dysfunction of RCA by ex vivo administration of BH 4 (Fig.  5A ), which suggests eNOS uncoupling. But ex vivo administration of apocynin (an antioxidant and inhibitor of NOX) did not restore the endothelial function (Fig. 5A ). This implies that the deficiency of BH 4 in the RCA is not acute oxidization of ROS and needs further study.
In blood vessel, NOX, xathine oxidase, mitochondria, and eNOS uncoupling are recognized as the sources of ROS. Among them, NOX has been identified as a major source of superoxide in blood vessels in response to pathological stimulation (hypertension, hypercholesterolemia, and diabetes) and mechanical stimulation (5, 7, 8) . In this study, we examined the expression of NOX in RCA using Western blot and chemiluminescence analysis. The upregulation of expression of NOX underscores its role in RCA remodeling during RVH. The result of BH 4 in ex vivo studies implies that eNOS uncoupling is one of the sources of ROS in the RCA during RVH. The administration of inhibitors of various oxidases and in vivo manipulation of BH 4 requires additional study.
The interaction of ROS between RCA and RV during RVH is likely to be small, since our measurement of ROS in RV tissue showed a relatively small increase (Ͻ8%) during RVH compared with the changes in the vessel tissue. Ethidium (the product of ROS reacting with DHE) lacks the specificity to detect ROS, since DHE may be reduced by light, oxidization, etc. Hence, we used three approaches to confirm elevation of ROS in RCA after 4-wk PA banding.
In this model, we established stretch rather than WSS as the major stimulus. Accordingly, we chose DSA rather than con- ventional implantable probe-based or Doppler wire methods based on several reasons. The video densitometry-based DSA is independent of geometry or velocity profile and is less invasive to the vessel. Ultrasonic flow wire provides flow velocity as opposed to volumetric flow rate. The flow rate can be calculated if the velocity is measured from the centerline, which is often not the case. The flow rate calculation also requires the assumption of laminar flow (a condition that is not necessarily true in RCA) and an accurate area measurement. DSA was selected over transonic flow probe in this study, since implantation of a flow probe around the RCA presented a technical challenge; i.e., access to the RCA is difficult from a left lateral thoracotomy. Even when surgical implantation of the flow probe was successful, as was the case in several test animals, the implant may induce an inflammatory response in the RCA, which contributes strong oxidative stress. Additionally, the flow probe itself may cause a focal stenosis when vessel growth is retarded by the flow probe. Microsphere techniques were not used to measure flow or profile, because they require withdrawal of blood per measurement. Furthermore, any degradation of microspheres lodged in the capillary bed within the 1-mo measurement period would underestimate flow. Finally, the change in heart weight makes the normalization of flow (perfusion) inaccurate. The DSA technique has been validated in vivo against an ultrasonic flow probe with a discrepancy of 4% (30) .
Conclusion. We confirmed that WSS remains constant in this model of RVH and implicated stretch as the major stimulus. ROS production and NOX content increased significantly in this RCA model of RVH. Endothelial function of RCA was compromised after 4 wk of RVH, and eNOS uncoupling was implicated in the endothelial dysfunction. In vivo analysis suggests an increased basal tone in the RCA during RVH and, therefore, increases the potential risk of vasospasm.
